Sedentary nematodes are destructive plant pathogens that cause significant yield losses. In the roots of their host plants, cyst nematodes (CNs) and root-knot nematodes (RKNs) induce different, highly specialized feeding sites-syncytia or giant cells (GCs), respectively-to optimize nutrient uptake. We compared the mechanisms by which nutrients are delivered from the model host plant, Arabidopsis, to GCs induced by the RKN Meloidogyne incognita or to syncytia induced by the CN Heterodera schachtii. From previous work, syncytia were known to be symplastically connected to newly formed host phloem composed of sieve elements (SEs) and companion cells. Here we studied the formation of plasmodesmata (PD) during GC and syncytia development by monitoring a viral movement protein that targets branched PD and the development of host phloem during GC formation by applying confocal laser scanning microscopy and immunocytochemistry. Analyses of plants expressing soluble or membrane-anchored green fluorescent protein in their phloem demonstrated symplastic isolation of GCs. GCs were found to be embedded in a tissue that consists exclusively of SEs. These de novo-formed SEs, contained nuclei and were interconnected by secondary PD. A similar interconnection of SEs was observed around syncytia. However, these secondary PD were also present at the SE-syncytium interface, demonstrating the postulated symplastic connection. Our results show that CNs and RKNs, despite their close phylogenetic relatedness, employ fundamentally different strategies to withdraw nutrients from host plants.
Sedentary nematodes are destructive plant pathogens that cause significant yield losses. In the roots of their host plants, cyst nematodes (CNs) and root-knot nematodes (RKNs) induce different, highly specialized feeding sites-syncytia or giant cells (GCs), respectively-to optimize nutrient uptake. We compared the mechanisms by which nutrients are delivered from the model host plant, Arabidopsis, to GCs induced by the RKN Meloidogyne incognita or to syncytia induced by the CN Heterodera schachtii. From previous work, syncytia were known to be symplastically connected to newly formed host phloem composed of sieve elements (SEs) and companion cells. Here we studied the formation of plasmodesmata (PD) during GC and syncytia development by monitoring a viral movement protein that targets branched PD and the development of host phloem during GC formation by applying confocal laser scanning microscopy and immunocytochemistry. Analyses of plants expressing soluble or membrane-anchored green fluorescent protein in their phloem demonstrated symplastic isolation of GCs. GCs were found to be embedded in a tissue that consists exclusively of SEs. These de novo-formed SEs, contained nuclei and were interconnected by secondary PD. A similar interconnection of SEs was observed around syncytia. However, these secondary PD were also present at the SE-syncytium interface, demonstrating the postulated symplastic connection. Our results show that CNs and RKNs, despite their close phylogenetic relatedness, employ fundamentally different strategies to withdraw nutrients from host plants.
cyst nematode ͉ phloem ͉ plasmodesmata ͉ root-knot nematode N ematodes are destructive plant pathogens that cause yield losses of billions of US dollars in numerous crop plants (1) . Most of the damage is inflicted by sedentary nematodes of the family Heteroderidae, which induce specialized feeding sites in infested plant roots, from which nutrients are withdrawn by the parasite. Among this family are cyst nematodes (CNs) and rootknot nematodes (RKNs). In CNs, a syncytium is formed by fusion of neighboring cells (2) . In contrast, RKNs form a feeding site by inducing several single cells to become giant cells (GCs) that retain their single-cell identity and undergo marked developmental changes (3) . Morphological changes include cell wall ingrowths similar to transfer cells (4) . Although both feeding site types go through a different genesis, they yield functionally equivalent structures that act as strong terminal sink tissues (2, 5) .
There is an ongoing debate as to how nutrients enter nematode-induced feeding sites from the plant vasculature. In the case of syncytia, microscopy studies as well as microinjection experiments initially suggested the presence of only few plasmodesmata (PD) between syncytia and phloem, which were thought to be non-functional (6, 7) . After loading of [ 14 C]-sucrose to source leaves of Arabidopsis, radioactive signals could be monitored along the roots, within syncytia, and in the associated nematodes (8) . It was postulated that sucrose transporters are responsible for this accumulation (9, 10) . However, despite of the presence of transcripts for these transporters in syncytia, the proteins were not detected (11) . On the contrary, it could be demonstrated that soluble green fluorescent protein (sGFP) synthesized in companion cells (CCs) of P AtSUC2 :sGFP plants (12) entered the syncytia induced by females of H. schachtii in roots of these plants. This was not the case when green fluorescent protein (GFP) was fused to a membrane anchor so diffusion of the fluorophore was abolished. This suggested that, despite the predicted low number of non-functional PD, symplastic transport is fundamental for movement of nutrients into syncytia. Furthermore, the induction of CCs and sieve elements (SEs) around syncytia suggested effective nutrient supply by this symplastic pathway (11) .
Much less is known about nutrient loading into GCs induced by RKNs, but there is evidence that transmembrane transport processes are more important in this case. Cell wall ingrowths enlarge the surface of GCs as in transfer cells (13) , and microarray analyses revealed the induction of 26 genes encoding transport proteins in response to RKN infestation (14) , whereas only three such genes are regulated in response to CN infestation (15) .
Here we present studies performed on Arabidopsis plants infected with the RKN Meloidogyne incognita or the CN H. schachtii to address the question how nutrients are delivered to the respective feeding site throughout their development. In case of RKNs, we compared the distribution of sGFP to the localization of membrane-anchored GFP (tmGFP9). These ORFs were expressed under the control of the CC-specific AtSUC2 promoter (11, 12, 16) . tmGFP9 fluorescence, an indicator of CC identity and thus for the sites of sGFP synthesis, was found exclusively in the vasculature outside the root-knot (RK), but absent from cells surrounding the GCs. In contrast, sGFP showed cell-to-cell movement from the vasculature into a tissue surrounding the GCs, but not into the GCs. These data were corroborated by immunocytochemistry. Localization of the SE-specific RS6 antigen (17) characterized the sGFP-labeled cells surrounding the GCs as SEs. These SEs were formed de novo and contained nuclei. The absence of CCs from root-RKs and the presence of CCs in the phloem adjacent to syncytia demonstrated that the vasculature that is formed to supply assimilates to either GCs or syncytia consists of different cell types.
Concomitantly, we monitored the formation of secondary PD during feeding site development in both RKN-and CN-infested plants expressing a fusion construct of GFP to the potato leafroll virus movement protein MP17 (18) . Around both syncytia and GCs, the newly formed SEs were heavily interconnected by PD. However, whereas syncytia became connected to the SEs by PD as early as 3 days after infection, GCs remained symplastically Author contributions: S.H., R.S., N.S., and U.Z.H. designed research; S.H., R.S., and U.Z.H. performed research; S.H., R.S., N.S., and U.Z.H. analyzed data; and N.S. and U.Z.H. wrote the paper.
isolated throughout their entire development. Our data suggest that nutrient loading into syncytia occurs symplastically whereas apoplastic loading is fundamental for GCs.
Results

Vascular Disruption and Identification of a Symplastic Domain in RKs.
To identify possible changes in vascularization and symplastic continuity in response to RKN infestation, as described for syncytium formation (11), we inoculated P AtSUC2 :sGFP or P AtSUC2 :tmGFP9 plants (12, 16) with M. incognita larvae and screened for GFP fluorescence throughout feeding site development. With respect to feeding sites, both plant lines showed identical distribution of GFP fluorescence in the first 2 weeks of infestation. Fluorescence was restricted to the phloem strands that pass the forming GCs [supporting information (SI) Fig. S1 ]. After approximately 3 weeks of infestation, when larger GCs had formed and the connectivity of the adjacent root phloem was interrupted, differences between the plant lines became apparent (Fig. 1) . In P AtSUC2 :tmGFP9 plants, fluorescence was restricted to the phloem tissue outside the RK (Fig. 1C ). CCs were no longer detected within the RK (Fig. 1C, arrowhead) . Fluorescence was never observed within the RK. In P AtSUC2 :sGFP plants, fluorescence was observed in the phloem outside the RK and in cells surrounding the GCs (Fig. 1 A and Movie S1). At higher magnification (Fig. 1B) , fluorescence was observed in a net-like structure consisting of small, nucleate cells (Fig. 1B,  arrowheads) , which surrounded areas that were free of fluorescence (Fig. 1B, asterisks) . These areas corresponded in shape and size to GCs of that developmental stage.
These findings suggest that, at later stages of GC and feeding site development, CCs within the RK are dissolved or lose their identity, indicated by the termination of AtSUC2 promoter activity. sGFP, which is synthesized in CCs of the vasculature, can move into a network of cells surrounding the GCs, but not into GCs.
GCs Are Symplastically Isolated. To confirm that the GFP-less areas in the RKs are GCs, RKs of these plants were sectioned to 80 M on a vibratome. As expected, sGFP fluorescence was restricted to cells surrounding the GCs, but remained absent from the GCs ( Fig Both lines of evidence demonstrate that phloem-derived sGFP moves into a symplastically connected network within the RK, but cannot enter the GCs, suggesting that they are symplastically isolated from the surrounding tissue.
SEs Are Nucleate in RKs.
To identify the nature of the tissue type that forms the network surrounding the GCs, we performed immunolocalizations with a monoclonal antibody directed against the SE-specific RS6 antigen (17) . The RS6 antibody decorated almost all cells in the direct vicinity of the GCs (Fig.  3A) . This characterized the GC-surrounding network as SEs, which appear (i) to be massively induced in RKs, (ii) to be connected to the vascular system of the root phloem, and (iii) to form a symplastic domain that allows for macromolecular trafficking.
Typical SEs are terminally differentiated cells and are usually enucleate, and therefore depend on CCs for proper function. However, we did not observe CCs in the RK. Moreover, the subcellular distribution of sGFP in the cells surrounding the GCs (Fig. 1B) suggested the presence of nuclei. To test whether the SEs in RKs contain nuclei that enable these SEs to function without CCs, we used the RS6 antibody to label SEs and stained the nuclei with DAPI (Fig. 3B ). In fact, we could demonstrate DAPI fluorescence inside the RS6-labeled SEs (Fig. 3B , arrows, and Fig. S3 ). This suggested that SEs arising from de novo formation in RKs are nucleate and able to function without CCs. To clearly distinguish terminally differentiated, enucleate SEs from the SEs found in RKs, those cells will further be called nucleate SEs (nSEs).
Secondary PD Are Formed Between nSEs. The results obtained by monitoring the movement of sGFP within the RK suggested that PD with a size exclusion limit (SEL) that allows for trafficking of 27-kDa sGFP are present between nSEs. We investigated number and type of PD in RKs on P 35s :MP17-GFP plants (18) . MP17 has been shown to specifically target branched, secondary PD (19) . We found that, concomitantly with the formation of the nSE-network and inflow of sGFP into the nSE-network around GCs, a massive induction of PD occurred in RKs (Fig. 3C) . The pattern observed corresponded to the pattern of sGFP fluorescence seen in Fig. 1 A (also see Movie S2). A massive induction of MP17-GFP fluorescence was observed compared with uninfested roots (Fig. 3C, arrowhead) . This fluorescence was restricted to the direct vicinity of a large area corresponding to the shape and size of GCs, which was free of fluorescence (Fig. S4) .
To identify the cells that are interconnected by these secondary PD, we immunolocalized MP17-GFP by using a monoclonal antibody against GFP. The results showed that nSEs, which surrounded GCs, were almost completely perforated by PD in their lateral cell walls (Fig. 3D , also see Movie S2).
Taken together, our data show that nSEs are formed de novo in direct vicinity of the GCs. These nSEs are not joined by CCs and are heavily interconnected by PD that form a symplastic domain and allow for macromolecular trafficking.
Secondary PD Connect Syncytia to the Phloem. The formation of unloading phloem around syncytia during the infestation with the CN H. schachtii has been described (11) . In contrast to the situation in RKs, the phloem surrounding syncytia consists of CCs and SEs. Despite the fact that sGFP enters syncytia symplastically, direct evidence of the existence of functional PD connecting syncytia and vasculature was lacking. We investigated whether SEs are connected to syncytia and equally interconnected by PD as the nSEs found in RKs. To this end, we inoculated P 35S :MP17-GFP plants (18) with H. schachtii J2 juveniles and analyzed MP17-GFP localization. CN-induced formation and massive accumulation of secondary PD started 3-5 days after inoculation (Fig. 4 A and B) . At later stages of syncytium formation (14 dai), these PD persisted, were detected mainly in cells surrounding the syncytial structures (Fig. 4C) , and were found directly at the syncytium interface (Fig. 4E) . Under the same experimental conditions, secondary PD were hardly found in sections through uninfested roots of a similar age (Fig.   4D) . Detection of the MP17-GFP fusion protein with anti-GFP antibodies confirmed that syncytia are surrounded by cells containing high numbers of PD (Fig. 4F) . To identify the nature of the cells harboring PD, we co-immunolocalized the RS6 antigen and MP17-GFP proteins in microtome sections of syncytia. The same cells were labeled by both fluorescence signals, indicating that the majority of PD is contained in SEs (Fig. 4G) . In serial sections through syncytia, nuclei could not be detected in these SEs, suggesting that they are typical enucleate SEs. Concomitantly with the formation of secondary PD, macromolecular trafficking of sGFP from these SEs into syncytia via PD could be observed as early as 3-4 days after inoculation (Fig. 4H) . These results suggest that GCs and syncytia are surrounded by high numbers of newly formed SEs that contain a large number of PD. However, whereas a symplastic connection exists between phloem tissue and syncytia, GCs remain very likely symplastically isolated and thus require apoplastic transport for nutrient loading.
Discussion
Symplastic Isolation of GCs. In this study, P AtSUC2 :sGFP and P AtSUC2 :tmGFP9 plants were used to study possible pathways for nutrient delivery to GCs by mapping symplastic domains and vascular continuity during development of RKs induced by the RKN M. incognita in roots of Arabidopsis. The results differed considerably from those obtained for Arabidopsis roots infested with the CN H. schachtii (11) . In the case of syncytium development, fluorescence of sGFP was found inside the syncytia as early as 3-5 days after infection. This was never observed in GCs throughout the entire development of the RK. Here, fluorescence was found exclusively in numerous nucleated cells embedding the GCs (20) . The absence of fluorescence is a result of the absence of the fluorophore, because GFP has been shown to be functional in GCs (20) . When tmGFP9 was expressed from the same promoter, fluorescence remained limited to the phloem outside the RK. Essentially the same result was obtained when the AtSUC2 promoter was used to drive GUS expression (10) . This suggests that that CCs are absent from RKs or are degraded or lose their identity, indicated by termination of AtSUC2 expression, during the process of feeding site formation. In contrast, during syncytium development, CCs were associated with SEs around the syncytia (11) . Our data suggest that, in RKs, sGFP, originating from CCs, entered nSEs by mass flow.
nSEs Are Formed de Novo in RKs.
De novo vascularization that supports growth of pathogen-induced tissues with nutrients is a well established phenomenon in animals and plants (21) (22) (23) . In plants, this response occurs in response to diverse pathogens or parasites (11, (23) (24) (25) . In all cases of plant-pathogen interaction described so far, the typical structure of the phloem, consisting of SEs and CCs, is maintained. An unloading structure of the phloem in which the ratio of SEs to CCs is shifted in favor of SEs was observed in response to infection of Arabidopsis roots with H. schachtii (11) . Using the SE-specific RS6 antibody, we were able to show for M. incognita-induced RKs that the supply with assimilates is mediated exclusively by cells that possess SE identity and are frequently nucleated, which may be a consequence of their de novo formation. These findings are in line with previous reports that suggested expression of the gene encoding the RS6 antigen in young, nucleate SEs and the maintenance of the protein in mature SEs (17) .
Role of PD in nSE Symplastic Domain. The CC-less nSE network in RKs forms a hitherto unidentified symplastic domain that serves as a nurse tissue for GCs. The PD interconnecting nSEs display an SEL of at least 27 kDa. As these PD were labeled by MP17, they are of secondary origin. It is long known that SEs contain sieve areas in their lateral cell walls. These sieve areas or pitfields connect SEs among each other. However, they contain simple PD that would not be labeled by MP17 (26) . Such pitfields exist in Arabidopsis and can be labeled by other PD proteins (27) . To our knowledge, a massive accumulation of secondary PD perforating lateral cell walls to interconnect SEs has not been described.
In contrast to the situation in syncytia (11), we never observed sGFP within the GCs. Nevertheless, it is possible that GCs are connected to the SEs by PD that display a SEL that does not allow for trafficking of sGFP, but would suffice to facilitate symplastic assimilate flow. However, there are a number of arguments that lead us to suggest that GCs are truly symplastically isolated. First, GCs originate from single cells. During their development, they retain their single cell identity, their cell wall thickens considerably, and their surface is further enlarged by cell wall protuberances, which results in a transfer cell-like appearance (13, 28) . Generally, transfer cells are found in tissues in which apoplastic transport is fundamental (29) . In a study using electron microscopy to monitor the formation of GCs in Coleus blumei roots infected with Meloidogyne arenaria, transfer cell-like cell wall thickening and protuberances were especially pronounced at the interface between SEs and GCs (13) . Finally, no PD were found in a detailed study applying scanning electron microscopy to examine GC cell wall protuberances (30) . Second, in a microarray study focusing on the regulation of genes encoding transporters, 26 of these genes were found to be significantly induced upon infection with RKNs, indicating that apoplastic transport plays an important role in providing nutrients to GCs (14) . In comparison, only three genes encoding transport proteins were induced upon infestation of Arabidopsis with the beet cyst nematode H. schachtii (15) .
In contrast to the concept of apoplastic loading proposed here, one study found that the phloem mobile tracer carboxyfluorescin (CF) accumulated in GCs when this dye was applied to leaves of tomato (31) . The authors concluded that CF was transported in the phloem and entered GCs via symplastic connections. However, CF fluorescence was found in GCs 2 days after its application to leaves. When applied to leaves of Arabidopsis, CF fluorescence occurred rapidly after a couple of minutes in roots (32) . Correspondingly, following application of CF to tomato leaves, CF fluorescence should appear in roots at 1-2 hours if the dye is transported via the phloem and symplastically released into the GCs. The very long time of 2 days is sufficient to allow CF diffusion to the RK in the apoplast (33) . Even though CF is relatively membrane-impermeant, incorporation of this dye across membranes does take place at slow rates (33, 34) . The observed accumulation of CF in GCs can alternatively be explained by the enhanced incorporation associated with the huge surface of these cells.
Phloem Unloading in RKs. Obviously, our data raise an important question: how is unloading of assimilates from nSEs into the apoplast facilitated? There are two possible explanations that may work in combination. The first is active nursing of the GC apoplast by the nSEs. This implicates that nSEs found adjacent to GCs assume a function similar to tapetum cells. In this case, nutrients would be loaded into the apoplast by means of hitherto unidentified export proteins or by exocytosis. The second is passive diffusion from the phloem into the apoplast, which is believed to mediate the transition from symplastic to apoplastic nutrient flow into lateral and terminal sink tissues (35, 36) . The massive induction of nSEs is increasing the surface for nutrient unloading into the apoplast. The direction of assimilate flow from the apoplast is dependent on the chemical gradient, which, because of the high sink strength, is directed toward GCs. Additionally, because of the lack of CCs, the sucrose transporters AtSUC2 and AtSUC3, which have been postulated to retrieve sucrose that is lost from the phloem along the transport pathway, are absent from RKs (37, 38) . Consequently, nSEs lack the ability to retrieve sucrose. Subsequently, import of assimilates into GCs is facilitated by sink tissue-localized transporters that have been implicated in GC nutrition (14, 39) .
Regardless of the actual unloading mechanism, it appears that GCs, in contrast to syncytia, are loaded by an apoplastic pathway.
Nutrient Loading into Syncytia Occurs via PD.
A huge body of work exists on the ultrastructure of GCs and syncytia. As a result of the greater agronomic impact of CNs, more focus has been put on syncytia. However, molecular approaches using marker lines to identify tissues and genes involved in nutrient loading are still fairly limited. For a long time it has been postulated that syncytia induced by H. schachtii are symplastically isolated, because only few PD, which appeared to be modified, were observed (8, 10, 24, 40) . In contrast, PD were found in syncytia induced by the false RKN Nacobbus aberreans in tomato roots, and a role for PD in nutrition was suggested (41). It was not until recently that diffusion of sGFP from the phloem into syncytia induced by H. schachtii directly implicated a symplastic connection between these tissues (11) . In the present study, we provide direct evidence of the existence of functional PD connecting SEs among each other and to the syncytium (Fig. 4G) . A significant increase in PD frequency occurred as early as 3 days, simultaneous to the occurrence of sGFP fluorescence.
In contrast to the symplastic loading concept, it has been suggested that the sucrose transporters AtSUC2 and AtSUC4 are crucial for importing sucrose into syncytia, especially during the first days of infection, when symplastic pathways might not yet be functional (9) . In fact, mRNA for both transporters was found in syncytia. However, given the fact that syncytia are symplastically connected to the phloem, it is well possible that any RNA in the phloem sap might also be present in syncytia (for a recent review, see ref. 42 ). There are several additional objections to a role for these transporters in loading sucrose into syncytia. First, expression of AtSUC2 is even decreased in the early days of syncytium development (9) . A role for this transporter at later stages of syncytium development is unlikely as it has been clearly demonstrated that the AtSUC2 protein is absent from syncytia (11) . Second, a role for AtSUC4 in apoplastic loading of sucrose into syncytia is unlikely, because this protein is localized to the tonoplast (43) . The observation that fewer females were found on roots of Arabidopsis plants in which the AtSUC4 gene was silenced (9) raises the interesting question how subcellular compartmentation of carbohydrates influences nematode development.
To date there is no evidence for the elevated accumulation of transport proteins in syncytial membranes. The occurrence of PD at very early stages of infection rather suggests that symplastic loading is sufficient to support nutrient supply of the feeding site.
Conclusion
RKN and CN belong to the same family of nematodes. Despite their close phylogenetic relatedness, the feeding sites induced by these two types of nematodes use fundamentally different strategies for nutrient import. In the case of RKN-induced GCs, assimilate loading occurs apoplastically by transport proteins, whereas CN-induced syncytia are loaded symplastically via PD. These different strategies may explain why the host range of RKNs is wider than that of CNs and adds further support to the idea of convergent evolution of CNs and RKNs, suggesting that these two genera are much more diverged than previously expected (44) . The apoplastic loading of nutrients into GCs implies that transport proteins may prove to be useful targets for RKN control by transgenic or pharmacological approaches. Additionally, nematode-induced feeding sites may provide a useful tool to study vascularization of pathogen-induced tissues as well as early events of phloem development. Growth Conditions and Infection with Nematodes. Seeds of the lines described earlier were surface sterilized in 1.5% sodium hypochlorite and 0.05% Tween 20 for 5 min and washed three times with sterile water. Sterilized seeds were resuspended in 0.1% agarose and sown on Petri dishes containing Murashige and Skoog medium (pH 5.7, 1% sucrose, 0.8% phytoagar).
Methods
Plant growth and infection with H. schachtii was performed as described (11) . In case of M. incognita, plant growth and infection were performed as described (14) with the following modification: plants were inoculated with freshly hatched J2 juveniles from surface sterilized eggs (45) .
Section Preparation and Immunohistochemistry. For vibratome sectioning (Model 1500; The Vibratome Company), RKs and syncytia were treated as described (39) without fixation. For immunohistochemistry, roots with syncytia or RKs were embedded in methacrylate sectioned into 3-m slices (Ultracut R; Leica Microsystems) and treated with antibodies as described (46) . Antibodies were diluted in blocking buffer as follows: monoclonal mouse RS6 antibody 1:5 (17, 38); polyclonal rabbit anti-GFP antiserum 1:100 (Invitrogen); monoclonal mouse anti-GFP antiserum 1:200 (Millipore); and anti-rabbit IgGCy2 conjugate, anti-mouse-Cy2 and Cy3 conjugates 1:50 (Dianova). For DAPI staining, antibody-decorated sections were mounted in 50 mM Tris⅐HCl, pH 7.5, 150 mM NaCl, 50% glycerol, 0.2 g/ml DAPI (Roth).
Confocal Laser Scanning Microscopy. High-resolution images of GFP fluorescence and immunohistochemical analyses were made with a confocal laser scanning microscope (TCS SP II; Leica Microsystems) as described (11, 16) . Confocal images were processed using Leica Confocal Software 2. GFP as well as Cy2 were excited with an argon laser at 488 nm, and fluorescence was recorded in a window ranging from 595 to 640 nm. Cy3 was excited with an argon laser at 543 nm, and fluorescence was recorded in a window ranging from 552 to 617 nm. DAPI was excited using the 405-nm diode, and fluorescence was recorded in a window ranging from 417 to 474 nm.
